Listeria inonocytogenes encounters numerous stresses both in the food environment and during infection of the host. The ability to survive and tolerate bile and low pH conditions, which are two major stresses, is of particular importance for survival within the host. The uvrA gene in other bacteria is involved in the repair of acid-induced DNA damage and in adaptation to low pH. Thus, a ucrA in-frame deletion mutant was constructed to identify the role of uvrA in the growth and survival of L. monoCytogefleS under various environmental conditions. The uvrA mutant was highly sensitive to UV radiation. Growth under normal laboratory conditions was impaired during the exponential phase, and the time to reach the exponential phase of growth. Ti/rn, s, was significantly delayed (P < 0.05). Growth of the uvrA mutant in acidic medium (pH 5) was slightly impaired. and the TV,, was significantly delayed (P < 0.05). Growth and the TV nax of the mutant in the presence of 0.3% bile salts also were significantly impaired (P < 0.05). These results suggest that ut.'rA is needed for optimal growth and survival of L. monoc to genes under various stressful environmental conditions.
Listeria ,nonocvtogeneS, a gram-positive facultative intracellular foodbornc pathogen, is widespread in the environment because of its ability to grow at refrigeration temperatures, under high salt conditions, and at a wide range of pH values (4, 33) . L. n,onocvto genes confronts numerous stressful conditions in food-processing environments and during infection of a host. These conditions include low temperature, low p!-I, and high osmolarity during food processing and acid and bile in the gastrointestinal tract, the physical barrier of the epithelial cells lining the gastrointestinal tract, oxidative stress, nutrient limitation, and various immune defenses during infection (9, 17, 19) . The ability to respond and deal with these environmental challenges is crucial to L. ,nonocytogenes survival and pathogenesis. Acid tolerance response mechanisms have been suggested to play a major role in the survival of L. monocvtogenes in low pH food environments, both within the stomach of a host and in the macrophage phagosome (5, 10, 21, 27, 32) . Acid-tolerant mutants displayed increased virulence in mice inoculated peritoneally (21) , and acidsensitive mutants were less virulent (20) .
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other bacteria such as oral Streptococcus inutans. Hanna et al. (13) used differential display PCR to identify upregulated genes in S. mulans during acid adaptation and found that the uvrA gene, which belongs to the nucleotide excision repair (NER) pathway involved in DNA repair, is upregulated in this microbe during acid adaptation. This pathway has been associated with the repair of acid-induced DNA damage and consists primarily of a protein complex of UvrA. UvrB, and UvrC. This complex functions in locating and excising bulky DNA lesions (29). The UvrA, UvrB, and UvrC proteins that carry out NER are highly conserved among prokaryotes (29, 30) . Therefore, it is possible that the uvrA gene also may be involved in the acid tolerance response of L. ,nonocytogeneS. The objective of this study was to identify the role of uvrA in L. monocytogenes resistance to UV radiation damage and tolerance of acid and bile by creating a uvrA in-frame deletion mutant and comparing phenotypic differences between the wild type and mutant strains. used in a previous murine oral infection model study (data not shown) (18) . Eccherichia co/i DH5a (Invitrogen, Carlsbad, Calif.), which was used as the host strain for the recombinant plasmid, was cultured in Luria-Bertani broth (Remel, Lenexa, Kans.) at 37°C, with 100 .Lg/ml of anipicillin when necessary. The plasmid pKSV7 (Dr. Nancy E. Construction of the in-frame uvrA deletion mutant. Genomic DNA of L. monocyto genes was isolated with the DNeasy kit (Qiagen, Valencia, Calif.), and plasmid DNA isolation was performed with the Plasmid Midi kit (Qiagen) according to the manufacturer's instructions. Other routine DNA manipulations such as restriction digestion, gel purification, ligation, and transformation were performed as described by Sambrook and Russell (28) . Gene splicing by overlap extension (SOE) PCR, as described by Horton et al. (15) , was used to create MT472, a mutant with a 1.335-bp deletion in the uvrA gene at nucleotides 818 to 2,152 (contig:760: Lmonocytogenes4b, 747,287 to 750,157). Two 575-bp fragments flanking the sequence to be deleted (nucleotides 243 to 817 and 2.153 to 2,727) were amplified with primers UvrA-SOE-2R (5 '-GGGGATCCATCGCCGCc. TTCTGGTCCTA3) and UvrA-SOE-2F (5'-TGTTCTCTTTCATAAGCC1JAAGCCA AAG'V1'CGCGGTFAT3 : complementary overhangs to corresponding UvrA-SOE-lR are underlined and shown in bold), and UvrA-SOE-lR (5'-ATGGGCTAT TGAAAGAGAACA3') and UvrA-SOE-1 F (S'-GGCTGCAGAAGCCcTGCCAmCGA-I.TGA 3'), respectively, using Platinum Taq high fidelity DNA polymerase (Invitrogen). Restriction sites incorporated into primer sequences are underlined in the primers UvrA-SOE-2R and UvrA-SOE-IE Template was amplified for 25 cycles of 30 s at 95°C, 30 s at 60°C, and 60 s at 72°C in a PlC-100 Peltier Thermal Cycler (MJ Research. Waltham, Mass.). In a second round of PCR, the two PCR products were used as template DNA in a 1: 1 ratio, amplified with primers UvrA-SOE-2R and VvrA-SOE-IF, and spliced to produce a 1,150-bp hybrid. DNA was amplified for 25 cycles of 30 s at 95°C. 30 s at 62°C, and 60 s at 72°C. Subsequently, the A uvrA PCR fragment was digested with PstI (Fisher, Pittsburgh, Pa.) and BamHl (Invitrogen), cloned into the PstIBamHI-digested tem perature-sensitive shuttle vector pKSV7, and transformed into E. co/i Dl-ISa by heat shock. After transformation of E. co/i DH5a, the resulting plasmid, designated pKSV7-uvr. 4 , was isolated and electroporated into L. monocytogenes LMB472 using the protocol outlined by Park and Stewart (23) . Transformants were selected on brain heart infusion (BHI) agar (Remel) containing 10 p.g/ml chloramphenicol. Chromosomal integration was induced by growing the bacteria at 42°C. Sequential passaging in BHI agar at 30°C in the absence of chloramphenicol facilitated allelic exchange between the intact uurA gene and the 1,150-bp insert in pKSV7-zuvrA. The correct in-frame deletion was checked by PCR with the primers UvrARI (5'-TTTTTCA GGTGTGCCGGTTGC3) and UvrAFl (5'-TCTTCGCT TGCTITFGATACG3') and confirmed by sequencing (Amplicon Express, Pullman, Wash.). Nucleotide databases were searched on the National Center for Biotechnology Information (Los Alamos, N.Mex.) and TIGR (Rockville, Md.) Web sites. The sequences were analyzed with DNASTAR (DNASTAR. Inc., Madison, Wis.).
MATERIALS AND METHODS

Bacterial
Survival under UV radiation. L. monocytogenes strains were inoculated into 100 ml of BHI broth (Remel) and cultured at 30°C for 24 h. The bacteria were then diluted to a density of -10 cells per ml, and a 50-Ill aliquot of the diluted culture was spread evenly onto the surface of blood agar plates (tryptic soy agar with 5% sheep blood; Remel). The inoculum was confirmed by viable plate counts via serial dilution with sterile phosphatebuffered saline and plating onto blood agar plates (Remel). Each strain was inoculated onto 11 plates. Ten plates were exposed to UV radiation under a flow hood (260 p.J s/cm 2) for 45 s, and the remaining plate served as a nonirradiated control for comparison of bacterial growth. After incubation of the plates for 48 h at 30°C, the surviving populations were enumerated. Results are presented as survival percentage after exposure to UV radiation.
Phenotypic characterization assays. Bacterial strains were grown in BHI broth at 30°C for 18 h. Stationary-phase growth was used for the phenotypic assays because of increased tolerance of acid and bile during this phase (3, 21) . One microliter was used to inoculate 240 I.Ll of BHI broth in one well of a 96-well culture tray, and the culture was passaged three times in BHI broth at 37°C before each assay to ensure equivalent physiological status of strains. For growth experiments, bacterial strains were grown statically at 37°C in BHI broth or defined minimal medium (DM), as described by Phan-Thanh and Gormon (24), at pH 7. For the acid and bile tolerance assays, bacterial strains were grown statically at 37°C in DM pH 5 (adjusted with 12.1 N HCI) or DM pH 7 supplemented with 0.3% (wtivol) porcine bile salts (Sigma, St. Louis, Mo.) as described previously (3) . A pH of 5 was selected for the acid tolerance assay because human gastric pH is between 3.0 and 5.0 during food ingestion and L. 'nonocvtogenes is generally consumed in contaminated food (5) . The p1-1 of cheese, one of the food products most often implicated in listeriosis outbreaks, is usually pH 5.0 (8), and L. monocvtogene.s mounts an acid tolerance response after exposure to this p!-1 (10). Cell growth was monitored spectrophotometrically with a SpectraMax Plus Microplate Spectrophotometer (Molecular Devices Corporation, Sunnyvale, Calif.) by measuring the optical density at 600 nm (0D600) according to Begley et al. (2) at 1-h intervals for 24 or 48 h. Vmux, which is a measure of the slope of the growth curve at the steepest 3-h portion and a subset of the exponential phase of growth. and TVrnax, which is the time required to reach the Vm, were mea- Time (h) Time (h)
. Growth curves of L. monocytogenes strains LMB472 and MT472 at 37°C in (A) BHJ broth for 24 h, (B) defined minimal medium (DM) fr 48 h, (C) acidic DM (acidified to pH 5 with HCl) for 24 h, and (D) DM plus 0.3% bile salts for 48 h. Cell growth was measured spectrophotometricallY by monitoring the OD 600 at I-h intervals for 24 or 48 It. Error bars represent standard errors of three experiments (triplicate wells were included for each experiment).
sured with SoftMax Pro Software (Molecular Devices) to compare the growth potential of the strains. All phenotypic characterization assays were performed in triplicate and repeated three times.
Statistical analysis. Unpaired t tests were performed with NCSS200 I software (NCSS Statistical Software, Kaysville, Utah).
RESULTS AND DISCUSSION
All organisms, including L. monocto genes, confront genomic DNA damage due to constant challenges from various environmental conditions and thus have several different DNA repair systems (30). The NER pathway is one of the most important DNA repair systems. It allows recognition and repair of any type of chemically damaged DNA base, and UvrA protein is an important component in this pathway (22, 30) . To identify the role of the uvrA gene in survival of L. ,nonocvtogenes epidemic strain LMB472 under several environmental conditions, we constructed a uvrA in-frame deletion mutant (MT472) with an internal 1,335-hp (446 amino acid) deletion.
The survival of L. inonocvto genes LMB472 and the uvrA in-frame deletion mutant L. inonocyto genes strain MT472 was compared after 45 s of UV radiation. A 45-s exposure time was selected because preliminary experiments had indicated that 45 s of irradiation allows differentiation of strains according to resistance to UV radiation damage (data not shown). The mutant L. inonocylo genes MT472 was significantly more sensitive to UV radiation than was L. ,nonocvtogenes LMB472 (P < 0.05) (Fig. I) . DNA lesions introduced by UV radiation are mainly removed by the NER (29). UvrA, a DNA damage recognition protein, preferentially binds to single-and double-stranded DNA breaks and then initiates organization of the remaining proteins in the UvrABC complex (1, 13) . In other bacteria, a gene knockout in any of the NER components ere- 
.
ates mutants that are extremely UV sensitive, and any mutation made in the NER pathway seems to cause complete dysfunction in this system (6, 7, 13). Therefore, the sensitivity of L. monocyfogenes MT472 to UV radiation is thought to be due to the breakdown of the UV repair system of the NER pathway.
Growth of L. monocvtogenes strains in BHI broth or DM pH 7 was evaluated at 37°C, and the growth curve, Vm, and TV)fl00 were compared ( Fig. 2 and Table 1 ). The OD600 values of L. monocytogenes MT472 were significantly lower than those of L. monocyto genes LMB472 between 4 and 9 h in BHI broth (P < 0.05) (Fig. 2A) . Strains were also grown in DM for 48 h to obtain a complete growth curve because they were unable to reach stationary phase in 24 h and the OD600 values of L. monocvtogenes MT472 were significantly lower than those of L. monocytogenes LMB472 between 4 and 32 h (P < 0.05) (Fig. 213) .
The 11/max values for both strains in both BHI and DM were significantly different (P < 0.05), but the V values were not (Table 1) . Thus, uvrA deletion resulted in increased time to reach the exponential phase of growth, which could be attributed to an inoperative NER pathway.
A mutation in both the uvrA and uvrB genes resulted in spontaneous mutagenesis in E. co/i during DNA replication, which was a result of illegitimate recombination (12 to genes in low-pH foods, the stomach of a host, and the macrophage phagosome, is considered a virulence factor (5) . A number of proteins that play a role in the protection or repair of macromolecules such as DNA and proteins are essential for optimal acid resistance, and the link between DNA damage repair and acid resistance has been demonstrated in several gram-positive bacteria (11, 13, 14, 26, 29). We examined the growth of the mutant L. monocytogenes MT472 in acidic medium (pH 5) to determine the role of UvrA in acid resistance in L. inonocYtogenes. Growth of L. monocytogenes MT472 in pH 5 medium was slightly impaired (Fig. 2C) ; however the difference between the mutant and wild-type strains was not significant except between 7 and 12 h (P < 0.05), and the 71/max of the two strains was significantly different (P < 0.05) but the Vra,ax
was not ( L. monocyto genes also must resist the action of bile to survive in the human intestinal tract and cause disease (3). Bile primarily exerts its effects on the cell membrane; however, it has numerous other effects on bacterial cells, including disturbing macromolecule stability (2). Bile induces secondary structure formation in RNA, causes DNA damage, and activates enzymes involved in DNA repair within bacterial cells (2, 3, 16) . Therefore, we investigated whether an impaired DNA repair system (the NER pathway) affects growth of L. ,nonocytogenes in the presence of bile salts. Strains were grown in DM supplemented with 0.3% bile salts for 48 h. The growth of L. monocyto genes MT472 was significantly impaired after 4 h (P < 0.05), and Vnax and TVniax of L. monocytogenes MT472 were significantly lower than those of L. monocytogenes LMB472 (P <0.05) (Fig. 2D) . These results suggest that the intact uvrA gene or the NER pathway plays an important role in repairing DNA damage caused by bile in L. monocytogenes and provides a piece of genetic information associated with bile tolerance.
In this study, we confirmed that a mutation in the uvrA gene increases sensitivity of L. monocytogenes to UV radiation. We also found that uvrA is associated with growth and survival of L. monocyto genes in response to various environmental stressors, including low pH and bile. These data suggest that an intact uvrA gene is needed for optimal growth and survival under various environmental conditions and for normal cell function in L. ,nonocvtogenes. These results support the conclusions from previous studies involving other acid-or bile-tolerant bacteria, i.e., DNA repair is important for survival in response to low pH and bile (2, 6, 13) . Future work will involve further characterization of the L. monoc ytogenes uvrA mutant using an in vivo oral infection model.
